Heterochromatin, the densely staining fraction of eukaryotic genomes, is refractory to DNA-based transactions such as transcription and recombination, but is functionally important. The relative 'darkness' of heterochromatin seems to be critical for normal centromere function 1 . Hallmarks of heterochromatin in higher organisms include a paucity of genes, an abundance of repetitive DNA, hypoacetylated histones H3 and H4, H3K9me, association of specific proteins such as HP1 and the presence of DNA methylation 1,2 . The filamentous fungus N. crassa also shows these features of heterochromatin and is convenient for genetic and biochemical studies. Research with N. crassa on the function and control of heterochromatin shows a direct connection between chromatin structure and DNA methylation [3] [4] [5] . The DIM-5 lysine methyltransferase trimethylates H3K9 (ref. 6) and this mark is then recognized by the chromodomain protein HP1, which recruits the DNA methyltransferase DIM-2 (ref. 7). Consistent with this pathway, DNA methylation, H3K9me3 and HP1 colocalize at centromeres, telomeres and dispersed transposon relics, all of which show evidence of the genome defense system repeat-induced point mutation (RIP) 8 .
Heterochromatin, the densely staining fraction of eukaryotic genomes, is refractory to DNA-based transactions such as transcription and recombination, but is functionally important. The relative 'darkness' of heterochromatin seems to be critical for normal centromere function 1 . Hallmarks of heterochromatin in higher organisms include a paucity of genes, an abundance of repetitive DNA, hypoacetylated histones H3 and H4, H3K9me, association of specific proteins such as HP1 and the presence of DNA methylation 1, 2 . The filamentous fungus N. crassa also shows these features of heterochromatin and is convenient for genetic and biochemical studies. Research with N. crassa on the function and control of heterochromatin shows a direct connection between chromatin structure and DNA methylation [3] [4] [5] . The DIM-5 lysine methyltransferase trimethylates H3K9 (ref. 6) and this mark is then recognized by the chromodomain protein HP1, which recruits the DNA methyltransferase DIM-2 (ref. 7) . Consistent with this pathway, DNA methylation, H3K9me3 and HP1 colocalize at centromeres, telomeres and dispersed transposon relics, all of which show evidence of the genome defense system repeat-induced point mutation (RIP) 8 .
In the yeast Schizosaccharomyces pombe, four of the crucial factors involved in heterochromatin formation contain chromodomains: the lysine methyltransferase Clr4, Chp1 (a component of RNA-induced transcriptional silencing complex) and the HP1 homologs Swi6 and Chp2 (refs. 1,9,10) . Mammals and insects also contain multiple isoforms of HP1 that make distinct contributions in regulating heterochromatin [11] [12] [13] [14] . Although N. crassa contains only one HP1 homolog 4 , it has several other chromodomain proteins. We therefore investigated whether candidate chromodomain proteins (designated CDP-1 to CDP-4) 15 ( Supplementary Fig. 1a ) are involved in heterochromatin formation and DNA methylation.
RESULTS

Mutants lacking CDP-2 show abnormal DNA methylation
To explore the possibility that chromodomain proteins have a role in the control and function of DNA methylation and heterochromatin, we generated and tested chromodomain protein (cdp) mutants for effects on DNA methylation at representative methylated genomic regions. A mutant lacking CDP-2 ( Fig. 1a) affected DNA methylation in a manner not previously observed. In particular, in restriction digests with the 5-methylcytosine (5mC)-sensitive enzyme BfuCI, chromodomain protein-2 (cdp-2) strains showed hypomethylation at some loci and hypermethylation at others (Fig. 1b) . Even comparisons of stained restriction digests of total genomic DNA showed more high-molecularmass DNA in cdp-2 strains (BfuCI digests in Fig. 1b ; results for other 5mC-sensitive enzymes in Supplementary Fig. 1b) 16 showed that the cdp-2 mutation caused a complete loss of DNA methylation at 8:A6 and a partial loss of DNA methylation at 8:G3, Ψ63 and 9:E1. We found normal DNA methylation at 8:F10 and 5:B8 and a mixture of hyper-and hypomethylation at 8:F3 (for example, an extra high-molecular-mass band for the 8:F3 region in cdp-2 mutants indicates hypermethylated products; Fig. 1b and Supplementary Fig. 1c) .
To test the generality of these observations, we examined the distribution of DNA methylation across an entire N. crassa chromosome by probing a high-density microarray for linkage group VII (LG VII) with immunoprecipitated methylated DNA (MeDIP) from wild-type and cdp-2 strains (Fig. 1c and Supplementary  Fig. 2a,b) 8 . We observed multiple examples of region-specific A r t i c l e s hyper-and hypomethylation in the cdp-2 mutant, confirming and extending the Southern hybridization data. Almost half of the LG VII methylated regions (20 of 45) showed lower or no methylation in the cdp-2 strain. Most hypomethylated regions (15 of 20) were short and seemed to have undergone moderate RIP (based on calculated RIP indices; regions with RIP show product index >1.0 and substrate index <1.0) 16, 31 , whereas longer (>10 kilobase (kb)) regions showing more extensive RIP, such as the centromere region ( Fig. 1d) , retained or had greater methylation in the cdp-2 strain. We confirmed representative MeDIP results by Southern hybridizations (Supplementary Fig. 2c ). After verifying hypermethylation at three centromere VII (CenVII) sequences (Fig. 1e) , we tested all of the six other centromeres of N. crassa and found that they too were hypermethylated (Supplementary Fig. 2d 
A r t i c l e s
suggesting that the global hypermethylation observed in cdp-2 mutants by ethidium bromide staining is predominantly due to centromere hypermethylation.
CDP-2 chromodomain binds to H3K9me3
To test whether the CDP-2 chromodomain binds methylated histones, we carried out fluorescence polarization binding assays with a purified recombinant CDP-2 chromodomain and H3 or H4 peptides methylated on various lysines 10, 17 . The CDP-2 chromodomain bound strongly to H3K9me3 and moderately to H3K27me3, whereas it did not bind to H3K4me3, H3K36me3 or unmodified H3 (Fig. 2a) . The CDP-2 chromodomain bound all methylated forms of H3K9, showing increasing affinity for mono-, di-and trimethylated H3K9 (Fig. 2b) . Notably, this binding was prevented by phosphorylation of the adjacent serine (H3S10ph; Fig. 2b ), as has been observed for the HP1 chromodomain 18 .
To investigate binding of the CDP-2 chromodomain to H3K9me3 in vivo, we generated strains expressing C-terminal red fluorescent protein (RFP)-or green fluorescent protein (GFP)-tagged CDP-2 (CDP-2-RFP; CDP-2-GFP) in various strain backgrounds. Insertion of CDP-2-GFP into the his-3 locus of a cdp-2 mutant strain restored DNA methylation (data not shown), indicating that it was functional. The epitope-tagged CDP-2 localized to heterochromatin, as shown for example by its colocalization with foci of GFP-tagged HP1 (HP1-GFP), which binds to H3K9me3 in vivo 4 (Fig. 2c) . We also found that the heterochromatic foci of CDP-2-GFP depends on the H3K9 methyltransferase DIM-5 ( Fig. 2d) , suggesting that CDP-2 localization depends, directly or indirectly, on H3K9me3. By contrast, punctate localization of CDP-2-GFP was intact in the dim-2 strain (Fig. 2d) , indicating that it does not depend on DNA methylation.
Considering that both HP1 and CDP-2 bind to, and depend on, H3K9me3, we were interested in determining whether localization of either protein depends on the other. We therefore generated cdp-2 mutants expressing HP1-GFP and hpo (the gene encoding HP1) mutants expressing CDP-2-GFP and examined the localization of the GFP-tagged proteins microscopically. We observed normal foci of HP1-GFP in the cdp-2 mutant, indicating that HP1 does not depend on CDP-2 for its localization. By contrast, hpo strains expressing CDP-2-GFP showed weak and diffuse fluorescence, suggesting that CDP-2-GFP is unstable and/or mislocalized in the hpo mutant (Fig. 2e) . To distinguish between these possibilities, we made cell extracts from wild-type and hpo strains expressing CDP-2-GFP and carried out western blot analyses using antibodies for GFP. CDP-2-GFP was extremely unstable in hpo mutants (Fig. 2f ) , whereas HP1 stability was not affected in cdp-2 strains (Supplementary Fig. 3a) . We obtained similar results using a CDP-2-3 × Flag fusion protein (CDP-2-Flag) driven by the native cdp-2 promoter ( Supplementary  Fig. 3b ), confirming that CDP-2 stability depends on HP1.
CDP-2 is required for normal DIM-5 localization
Because H3K9me3 directs DNA methylation in N. crassa and these two marks normally colocalize 5, 8 , we investigated whether the hypo-and hypermethylation of DNA observed in cdp-2 strains reflects similar changes in H3K9me3. Western blotting experiments did not show an effect of cdp-2 on H3K9me3 globally (Supplementary Fig. 3c ) but chromatin immunoprecipitation (ChIP) experiments were informative. Regions of moderate RIP that showed a nearly complete loss of DNA methylation (for example, the 8:A6 region and the LG VII methylated peak 33b and peak 28b regions) showed markedly lower H3K9me3 and HP1 localization and regions that showed somewhat lower DNA methylation (for example, 8:G3 and peak 28a) showed moderately lower H3K9me3 and HP1 localization compared with wild type (Fig. 3a,b) . Notably, knockout of the gene encoding HP1 (hpo) showed nearly identical results (Fig. 3a) . The regions most susceptible to loss of H3K9me3 and DNA methylation seem to be those that normally show the most binding of HP1 ( Fig. 3c and Supplementary  Fig. 4 ) 8 . This suggested that these two chromodomain proteins cooperate to maintain H3K9me3 at some loci. In contrast to the changes in H3K9me3 observed at hypomethylated regions of cdp-2 strains, there were no 
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A r t i c l e s changes in H3K9me3 and HP1 localization at regions with high RIP that showed hypermethylation in cdp-2 mutants (Fig. 3a,b) , suggesting that a step downstream of HP1 binding to H3K9me3 is involved in hypermethylation.
To determine whether recruitment of DIM-5 to chromatin is altered in cdp-2 and hpo strains, we used the DamID method, in which an adenine methylase (Dam) marks DNA in the vicinity of a Dam-tagged protein 19 . We introduced a DIM-5-Dam fusion construct into the hpo, dim-2 and cdp-2 strains, the positive-control wild-type strain and the negative-control dim-7 strain (required for localization of DIM-5) 20 . Genomic DNA was digested with DpnI, which specifically cuts adenine-methylated GATC sites. Wild-type and dim-2 strains, but not dim-7 strains, showed low-molecular-mass fragments and some intermediate-molecular-mass fragments, indicating DIM-5-Dam localization, at regions that became hypomethylated in the cdp-2 strain (peak 34 and 8:A6) and in a weakly affected region (8:G3; Fig. 4) . DpnI digestion was substantially lower in hpo and cdp-2 mutants at the hypomethylated regions, and most markedly in peak 34, which lacked detectable DNA methylation in cdp-2 strains (Fig. 4 and Supplementary Fig. 2c ). Region 8:A6, which did not lose all DNA methylation, showed a smaller effect, and almost no change was found at the weakly affected region (8:G3). As we expected, a probe for the unmethylated region (pan-1) hybridized almost exclusively to highmolecular-mass DNA corresponding to mainly undigested DNA in all strains (Fig. 4) . These data suggest that CDP-2 and HP1 are required for DIM-5 targeting regions with moderate RIP.
Distinct HP1 complexes
To gain further insight into how CDP-2 controls DNA methylation, we purified CDP-2-interacting proteins by two-step affinity purification 21 . The purified samples were gel-fractionated, visualized by Coomassie blue staining (Fig. 5a) and then analyzed by mass spectrometry. We identified CDP-2, HP1, the histone deacetylase HDA-1 (ref. 22 ) and a hypothetical protein encoded by NCU01796 (Supplementary Fig. 5a ). The NCU01796 gene, which we have named CDP-2-and HDA-1 associating protein (chap), encodes a 552-residue protein containing two AT-hook motifs and two zinc finger motifs. To verify that HDA-1 and CHAP interact with CDP-2, we created strains expressing CDP-2-Flag and HDA-1-hemagglutinin (HDA-1-HA) or CHAP-HA driven by their endogenous promoters and verified their interactions by coimmunoprecipitation (Fig. 5b,c) . We also verified the interaction of HP1 with HDA-1 and CHAP ( Supplementary  Fig. 6a,b) . To test whether HDA-1 and CHAP are also important for controlling DNA methylation, we carried out MeDIP and array-based hybridization (MeDIP-chip) and Southern hybridization analyses on hda-1 and chap knockout mutants (Supplementary Fig. 7a-c) .
The hda-1 mutant showed selective hypo-and hypermethylation equivalent to that of the cdp-2 strain. DNA methylation defects in the chap mutant were similar although somewhat less pronounced. DamID experiments showed mislocalization of DIM-5-Dam in a hypomethylated region in all three mutants, and in the HP1 mutant (Supplementary Fig. 7d ). These data indicate that HP1, CDP-2, HDA-1 and CHAP form a complex that controls DNA methylation and H3K9 methylation.
Our observation that purified CDP-2 associated with HP1, but not with the DIM-2 DNA methyltransferase, which forms a complex with HP1 (ref. 7) , raised the question of whether HP1 forms mutually exclusive complexes with CDP-2 and DIM-2. To explore this possibility, we purified DIM-2 and identified interacting proteins by mass spectrometry. We detected HP1 but not CDP-2, HDA-1 or CHAP (Supplementary Fig. 5b) . We next did a coimmunoprecipitation experiment to test directly whether HP1 forms mutually exclusive complexes with DIM-2 and CDP-2. We built a N. crassa strain expressing CDP-2-HA, DIM-2-Flag and HP1-GFP driven by 
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A r t i c l e s their endogenous promoters and used it to carry out pairwise coimmunoprecipitation tests. Both CDP-2-HA and DIM-2-Flag efficiently pulled down HP1-GFP. By contrast, CDP-2-HA did not pull down DIM-2-Flag; likewise, DIM-2-Flag did not pull down CDP-2 ( Fig. 5d) . Thus, these data verify that HP1 forms distinct complexes with CDP-2 and DIM-2. We refer to this newly discovered HP1 complex as HCHC.
HCHC shows regional effects on access of DIM-2 to chromatin
We considered several possible explanations for the regional hypermethylation observed in cdp-2 strains. One possibility was that in cdp-2 mutants, loss of CDP-2 would leave more HP1 available to bind DIM-2, leading to regional hypermethylation. However, we did not find enhanced interaction between DIM-2 and HP1 in cdp-2 mutants (Supplementary Fig. 6c) . Moreover, the concentration of HP1 protein is about 20-to 30-fold higher than those of DIM-2 and CDP-2 ( Supplementary Fig. 6d ), so CDP-2 probably does not appreciably compete with DIM-2 for HP1 binding. We next investigated whether the HCHC complex regulates DNA accessibility by directing histone deacetylation by HDA-1. We carried out ChIP experiments to examine H3 and H4 acetylation in the hda-1 mutant and found that H3 and H4 acetylation was slightly greater at hypomethylated regions (for example, peak 33b and 8:A6; Fig. 6a,b) . Notably, acetylation of H3 and H4 was even greater at hypermethylated regions (for example, CenVIIR and peak 33a; Fig. 6c,d ) in the hda-1 strain. We observed similar enhanced acetylation in hpo, cdp-2 and chap mutants, but not dim-2 mutants, suggesting that all the components of HCHC are involved in histone deacetylation ( Supplementary Fig. 8a-d) .
Acetylation neutralizes the positive charge on the histones and decreases the interaction of histones with the negatively charged DNA 23 . This has been proposed to 'relax' chromatin structure, making it more accessible to nuclear proteins. We therefore investigated whether the accessibility of specific heterochromatin regions to DIM-2 is altered in cdp-2 strains. To address this, we placed a DIM-2-Dam fusion construct at the native dim-2 locus of wild-type, hpo and cdp-2 strains and compared the resulting adenine methylation in various genomic regions. The wild-type strains showed lowmolecular-mass fragments corresponding to fully digested DNA at all methylated regions, whereas DNA from the hpo strain was mainly undigested, consistent with our knowledge that DIM-2 localizes to these regions in an HP1-dependent manner (Fig. 7) . Notably, we observed greater digestion at the hypermethylated regions (CenIVR and CenVIIR) in the cdp-2 strain, suggesting that DIM-2 occupancy was indeed greater at these regions (Fig. 7) . As we expected, we did not observe DIM-2-Dam activity at the unmethylated region (pan-1). DIM-2-Dam activity was slightly lower at the moderately hypomethylated region (8:G3; Fig. 7 ) and was noticeably lower at the strongly hypomethylated region (peak 34; Fig. 7) . We also observed greater DIM-2 accessibility at centromeric DNA in hda-1 and chap mutants compared with wild type (Supplementary  Fig. 7e ). These data suggest that HCHC regulates local access of DIM-2 to DNA.
HCHC but not DIM-2 is responsible for centromere silencing
Heterochromatic regions are generally assumed to be genetically silent. The indication that loss of HCHC leads to greater access to centromeric heterochromatin prompted us to test for centromeric silencing in N. crassa. Reasoning that HP1 may be required for silencing, we attempted to integrate the marker bar (Basta resistance) at centromere regions of an hpo strain by homologous recombination 24 . We successfully obtained Basta-resistant strains expressing the marker from several centromeric regions (CenIIILøbar, CenVIRøbar and CenVIIMøbar; data not shown). We then tested for silencing by adding back HP1, either by building heterokaryons with hpo + strains or by crossing the marker into an hpo + background. In both cases, silencing was established, providing evidence for centromeric silencing in N. crassa ( Fig. 8a and Supplementary Fig. 8e) . We also tested mutations in dim-2, cdp-2, hda-1 and chap for possible effects on expression of centromeric reporters. Notably, centromeric silencing was lost in HCHC mutants but not in the dim-2 mutant, suggesting that HCHC is involved in centromeric silencing and that 
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A r t i c l e s this silencing is independent of DNA methylation. Conversely, loss of DNA methylation per se, for example by silencing dim-2, is sufficient to reactivate methylated noncentromeric markers that have been tested 20 .
Redundant functions of HCHC and HP1-DIM-2 complexes
The coexistence of methylation-dependent and independent silencing in N. crassa suggested that these processes might serve partially redundant important functions. To test this, we isolated and analyzed the growth of the four classes of progeny from a cross of cdp-2 and dim-2 mutants: wild-type, dim-2, cdp-2 and cdp-2 dim-2 double-mutant strains. The wild-type, dim-2 and cdp-2 strains had nearly identical growth rates (Fig. 8b) . By contrast, the cdp-2, dim-2 double mutants grew poorly (Fig. 8b) . Similarly, the hda-1, dim-2 and chap, dim-2 double mutants showed growth defects ( Supplementary  Fig. 8f,g ). These data suggest that DNA methylation by the HP1-DIM-2 complex and histone deacetylation by HCHC serve partially redundant functions in N. crassa.
DISCUSSION
We have identified a previously unknown silencing pathway in N. crassa that depends on a protein complex comprising the histone deacetylase HDA-1, a chromodomain protein, CDP-2, the abundant nuclear protein HP1 and a new protein, CHAP, which has two AT-hook motifs and two zinc finger motifs. Thus, H3K9me3 is generated by the histone methyltransferase complex DIM-5, DIM-7, DIM-9, CUL4 and DDB1 complex (DCDC) 25 , which is recruited to AT-rich DNA, characteristic of RIP, by an unknown mechanism. This mark then directs DNA methylation and histone hypoacetylation through different HP1 complexes. The HP1-DIM-2 and HCHC complexes work in parallel to establish and maintain normal heterochromatin, and each serves as a partial backup system for the other (Fig. 8c) . Meanwhile, HP1 mediates an opposing reaction through the putative histone demethylase complex DMM, which limits spreading of heterochromatin 26 . The balance of these three distinct HP1 complexes seems crucial for establishing and maintaining fully silenced heterochromatin at proper genomic locations (Fig. 8c) .
We demonstrated the existence of centromeric silencing in N. crassa and showed that HCHC, but not DNA methylation, is required for this silencing. DNA in centromeric regions is hypermethylated. We did not detect greater H3K9me3 in cdp-2, hda-1 or chap mutants but found marked hyperacetylation of histones H3 and H4 in these regions (Fig. 6) . Perhaps the greater acetylation leads to a less condensed state of chromatin, which both relieves silencing and allows for greater accessibility of constitutive heterochromatin to DNA methyltransferase DIM-2 (Fig. 7) . DNA methylation in the cores of centromeric regions is normally lower than that in smaller heterochromatin regions scattered elsewhere in the genome 8, 27 . Notably, mutants lacking CDP-2, HDA-1 or CHAP show hypomethylation at several regions with moderate RIP in the noncentromeric chromosomal regions. This hypomethylation is caused by a failure to localize DIM-5 to those regions, leading to loss of H3K9me3, HP1 binding and DIM-2 recruitment. This is consistent with our earlier observation that a substantial, albeit small, fraction of H3K9me3 and DNA methylation in the genome depends on HP1 localization 8 , suggesting feedback between HP1 and the methylation machinery. The mechanism of this feedback remains to be discovered. We did not detect interaction between HCHC and DIM-5, suggesting that HCHC is not required for direct recruitment of DIM-5 to those sites. Perhaps DCDC is sensitive to acetylation of an uncharacterized substrate of HCHC, such as histone H2B, which seems to be a major target for HDA-1 (ref. 22 ).
Although the fission yeast S. pombe lacks DNA methylation, it also uses multiple chromodomain proteins to maintain the structure, extent and function of heterochromatin. The N. crassa HCHC complex shares features with the S. pombe SHREC complex, which contains the HDAC Clr3 and at least one HP1 homolog (Chp2 and perhaps Swi6) 11, 13, 14, 28 , but obvious differences exist. For example, CDP-2 and CHAP, which are conserved in filamentous fungi, are not evident in yeasts. In addition, a SNF2 chromatin-remodeling factor, Mit1, is an integral component of SHREC, whereas the homologous protein of N. crassa is not found in the HCHC complex. There are also parallels between our observations and those in higher organisms. Most notably, in mammals the DNA methylation machinery shares the burden of silencing endogenous retrovirus-like elements with the DNA methylation-independent ESET-KAP1 silencing complex, which controls H3K9 methylation and contains HP1 and the NuRD histone deacetylase 29, 30 .
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
